Vortex currents may be of importance in the early diagnosis of myocardial infarction caused by an occlusion of a coronary artery. We investigated the influence of a passive vortex current distribution, modelled by different conductivities in a hollow cylinder, on the localization error and on the signal strength in both the magnetocardiogram and the electrocardiogram. The hollow cylinder was mounted in a realistically shaped physical torso phantom. A platinum dipole was inserted into the cylinder. The compartment boundaries were modelled with two special ionic exchange membranes. The conductivity ratio of the cylinder compartment to the torso compartment was varied from 0.25 to 100. We compared the simultaneously measured magnetic and electric signal strengths as a function of this conductivity ratio. We found that an increasing conductivity ratio causes only a slight increase (about 19%) of the magnetic signal strength but a strong decrease (about 81%) of the electric signal strength. Using a homogeneous torso model, the dipole localization errors were, depending on the conductivity ratio, up to 16 mm. In conclusion, passive vortex currents might partially explain the differences between magnetocardiographic and electrocardiographic recordings observed both experimentally and clinically.
Introduction
Both active and passive vortex currents (closed-loop currents) have been discussed for a long time as a possible source of differential information in the magnetocardiogram (MCG) and the electrocardiogram (ECG) (Roth and Wikswo 1986 , Wikswo and Barach 1982 , Barach 1993 . Due to the closed loop, vortex currents may show up in the MCG but not in the ECG.
Clinically, vortex currents may be of importance in the early diagnosis of myocardial infarction which is caused by a total or partial occlusion of a coronary artery. An after-effect of this occlusion is an ischaemia in the region that is supported by this artery. Three to six hours after the beginning of the occlusion, the final extent of the infarcted tissue within the ischaemic region is attained (Lee et al 1981) . There is a sharp interface between the infarct and the ischaemic bed surrounding it (Reimer and Ideker 1987) . This structure might cause weak and electrically silent vortex currents in the myocardium (Roth and Wikswo 1986) .
Recent clinical observations indicate a diverging of MCG and ECG recordings during exercise (Takala et al 2001 , Brockmeier et al 1997 , Monteiro et al 1997 . However, up to now no phantom model experiment has quantified the influence of vortex currents on both the MCG and the ECG signal.
It was the aim of our study to set up a phantom model which imitates conductivity-induced passive vortex currents as might, for example, arise around scarred areas in the heart or due to the anisotropic conductivity in the heart. We quantify for the first time experimentally the impact of these currents on the non-invasively obtained source reconstruction results from both magnetic and electric recordings.
Materials and methods

Torso phantom and conductivity modelling
We used a realistically shaped hollow torso phantom (figure 1) which resembles the body of a young adult male subject (Tenner et al 1999) . In total, 138 Ag/AgCl electrodes were mounted in the torso phantom wall, enabling simultaneous recordings of MCG and ECG data.
A compartment of different conductivity was mounted inside the otherwise homogeneous torso. This compartment was hollow, cylindrically shaped, and served for the generation of the vortex currents. The cylinder compartment was 8 cm in diameter and chosen for practical reasons. It represents a simplification of the human heart from the physiological point-of-view. It is, however, suitable to demonstrate the principal differences between magnetic and electric signals.
The compartment boundaries consisted of two ionic exchange membranes that enabled different conductivities in the compartment without influencing the free ionic current flow. In this compartment, a platinum dipole was mounted ( figure 2(a) ). The distance between the dipole and the biomagnetometer was approximately 50 mm. A mounting rack was built to fix the cylinder in the torso ( figure 2(b) ). The rack was fixed on a plate glued to the back of the phantom.
For the simultaneous MCG/ECG measurements, the phantom was filled with a NaCl solution with a conductivity of 0.1 S m −1 . The conductivity in the cylinder compartment was varied from 0.025 S m −1 to 10 S m −1 in 14 steps. The conductivity ratio between the cylindrically shaped compartment and the torso thus increased from 0.25 to 100. The higher the conductivity ratio, the more the current flows in the cylinder wall and, thus, less current flows within the torso. In other words, the vortex current density was adjusted via the conductivity ratio. The stability of the highest conductivity ratio was experimentally proven over a period of 30 h. Additionally, we verified the stability of the conductivity ratio by conductivity measurements before and after each combined MCG/ECG measurement.
MCG and ECG measurements
Magnetic and electric measurements were performed in a magnetically shielded room (Ak3b, Vacuumschmelze, Hanau, Germany). The dipole was fed with a sinusoidal current of 0.5 mA and a frequency of 25 Hz (Tenner et al 1999) . This dipole strength exceeds physiological limits, but enables the analysis of the raw data without averaging.
The magnetic field was recorded with a biomagnetometer (Philips, Hamburg, Germany) consisting of 31 axial gradiometers. Because of the limited field-of-view of this biomagnetic device (a hexagonal arrangement with a diameter of 14 cm), we were able to measure only the maximum and the zero line of the dipolar field pattern. Electric potentials were measured with 63 electrodes integrated in the anterior chest wall of the torso (cf figure 1) .
The sampling frequency during the recordings was 1000 Hz, and 400 s of data were recorded continuously. We used a 0.3 Hz high-pass and a 300 Hz low-pass hardware filter. The biomagnetometer position was not changed during the whole measurement session.
Data analysis
The raw data were filtered by employing a 10 Hz to 35 Hz Butterworth band pass filter. In the channel exhibiting the maximum magnetic amplitude, the time instant of the positive peak amplitude was determined in 20 consecutive artefact-free periods of the sinusoidal signal. Thereafter, for the magnetic and the electric channel that showed the maximum signal amplitude, the mean value and the standard deviation of the signal strength were computed over these 20 instants in time. Note that the magnetic and electric signals were in phase. Mean values were normalized to the values at a conductivity ratio of 1.
Dipole reconstructions (Simplex method; Nelder and Mead 1965) were performed with the help of CURRY (Compumedics Neuroscan, El Paso, USA) at each of the 20 instants in time using the following boundary element method (BEM) models:
• BEM I: one-compartment BEM model assuming a homogeneous torso; • BEM II: two-compartment BEM model with the torso and the hollow cylinder as two different conductivity volumes.
The BEM models were constructed from 3D magnetic resonance images of the phantom with the hollow cylinder inside. The torso surface consisted of 3618 triangles with an edge length of 20 mm and the hollow cylinder surface consisted of 2044 triangles with an edge length of 7 mm (Haueisen et al 2002) . Source localization was based on combined magneto-and electrocardiographic recordings. Mean values and standard deviations of the localization error were computed over the 20 instants in time.
Results
The magnetic field and electric potential patterns at conductivity ratios of 1, 10 and 100 are displayed in figure 3. In the magnetic field patterns, a slight shift of the zero line is visible (conductivity ratios 1 versus 100). However, the pattern in general remained unchanged. In contrast, the electric potential pattern showed a strong decrease in amplitude with increasing conductivity ratio. Figure 4 depicts the dependence of the magnetic and electric signal strengths on the conductivity ratio of the cylinder to the torso in per cent, normalized to the signal strengths at a conductivity ratio of 1. We found that an increasing conductivity ratio caused a slight increase of the magnetic signal strength and a strong decrease of the electric signal strength. When the conductivity ratio increased from 1 to 100, the magnetic signal strength increased about 19% and the electric signal strength decreased about 81%. Experiments with a conductivity ratio of 200 provided a decrease in electric signal strength of about 95%. The results obtained with a conductivity ratio of 200 were not included in the analysis because of the increasing off-set error of the current generator in this range. The standard deviations for the mean signal strengths over the 20 instants in time were 0.05% for the magnetic recordings and 0.6% for the electric recordings. Figure 5 shows the localization error (3D distance between the actual dipole position and the reconstructed dipole location) obtained with the two different BEM models. For the homogeneous model (BEM I), the localization error increased with increasing conductivity ratio from 3 mm to 16 mm, whereas the standard deviation increased from 0.03 mm to 0.11 mm. When the inhomogeneous model (BEM II) was applied, the 3D localization error was approximately 3.5 mm (standard deviation 0.05 mm) for all conductivity ratios. . 3D localization errors when using the BEM I and BEM II models as a function of the conductivity ratio (cylinder to torso). Source localization was based on combined magnetic and electric data.
Discussion
We constructed a single dipolar source generating passive vortex currents due to a toroidal region (compartment) with higher conductivity. This set-up can be considered both as a simplistic model for a current flowing around a scarred area in the heart and as a model for a region with anisotropic conductivity. In the latter case, a conductivity ratio of 10 would reflect the actual anisotropy found in vital heart tissue. For this conductivity ratio, we found only small changes in the magnetic field patterns and electric potentials as well as the dipole localizations (figures 3 and 5, localization difference of 3.6 mm). These minor changes, however, may contribute to the experimentally observed differences between MCG and ECG recordings (Takala et al 2001 , Brockmeier et al 1997 , Monteiro et al 1997 . In the first model interpretation (infarction), a current flowing around a scarred area may cause a conductivity ratio of 100 or even higher. However, here we consider only a single vortex current of fixed size and direction. In the live heart, multiple areas of scar tissue with variable sizes and directions exist. In such multiple areas, the various vortex currents will superimpose.
In our study, we consider passive vortex currents similar to those presented in the study of Roth and Wikswo (1986) . These vortex currents are generated by Ohmic volume currents different from the impressed, active vortex currents in the work of Wikswo and Barach (1982) . The contribution of active vortex currents has been investigated in a separate phantom study (Liehr et al 2005) . With active vortex currents, a dissociation of magnetic and electric signals was demonstrated, too. Figure 5 shows a residual localization error of approximately 3.5 mm that is most likely a systematic error. Since environmental noise and BEM model errors are probably minor sources of error, the 3D geometry error (MRI distortions, 3D scanning of the electrodes, localization of the biomagnetometer) and the omission of the plastic bar holding the dipole in the BEM model may be the main reasons for this systematic error. Although our computations assume a point-like dipolar source, the finite length of the dipole itself can be ruled out as a source of significant error in the homogeneous model (Nolte and Curio 2000, Yetik et al 2005) . In the inhomogeneous model, however, the point-like source description is certainly a significant source of error since the plastic bar divides the source and the sink of the dipole. Thus, the current is forced to flow within the cylinder wall with an increasing conductivity ratio. This effect also explains the smaller localization errors for conductivity ratios below 1.
From the point-of-view of future applications of MCG and ECG, our results suggest that combined MCG/ECG measurements might prove useful for the analysis of more complex source configurations, allowing for example to disentangle overlapping source contributions as has already been demonstrated in MEG and EEG (e.g., Wood et al 1985) .
Conclusions
Our study provides quantitative data for the differential influence of passive vortex currents on magnetocardiographic and electrocardiographic recordings. Passive vortex currents may explain, at least in part, the experimentally observed differences between magnetocardiographic and electrocardiographic recordings.
